Cerebellar Development and Neurogenesis in Zebrafish by Kaslin, Jan & Brand, Michael
Cerebellar Development and Neurogenesis in Zebrafish 
 
Jan Kaslin1* and Michael Brand2* 
 
1) Australian Regenerative Medicine Institute, Monash University, Innovation Walk 15, 
Clayton, Victoria, 3800, Melbourne, Australia  
2) Biotechnology Center and Center for Regenerative Therapies Dresden, Dresden University 
of Technology, Tatzberg 47, 01307, Germany 
 
*Corresponding authors: jan.kaslin@monash.edu, michael.brand@biotec.tu-dresden.de 
 
Keywords: zebrafish, teleost, fish, adult neurogenesis, mutant, screening, eurydendroid cell, 
genetic model, cerebellar development, morphogenesis, mid-hindbrain-boundary, isthmic 




Cerebellar organization and function have been studied in numerous species of fish. Fish 
models such as goldfish and weakly electric fish have led to important findings about the 
cerebellar architecture, cerebellar circuit physiology and brain evolution. However, most of 
the studied fish models are not well suited for developmental and genetic studies of the 
cerebellum. The rapid transparent ex utero development in zebrafish allows direct access and 
precise visualization of all the major events in cerebellar development. The superficial 
position of the cerebellar primordium and cerebellum further facilitates in vivo imaging of 
cerebellar structures and developmental events at single cell resolution. Furthermore, 
zebrafish is amenable to high-throughput screening techniques and forward genetics because 
of its fecundity and easy keeping. Forward genetics screens in zebrafish have resulted in 
several isolated cerebellar mutants and substantially contributed to the understanding of the 
genetic networks involved in hindbrain development (Bae et al. 2009; Brand et al. 1996). 
Recent developments in genetic tools, including the use of site specific recombinases, 
efficient transgenesis, inducible gene expression systems, and the targeted genome lesioning 
technologies TALEN and Cas9/CRISPR has opened up new avenues to manipulate and edit 
the genome of zebrafish (Hans et al. 2009; Scott 2009; Housden et al. 2016; Li et al. 2016)}. 
These tools enable the use of genome-wide genetic approaches, such as enhancer/exon traps 
and cell specific temporal control of gene expression in zebrafish. Several seminal papers 
have used these technologies to successfully elucidate mechanisms involved in the 
morphogenesis, neurogenesis and cell migration in the cerebellum (Bae et al. 2009; Chaplin et 
al. ; Hans et al. 2009; Volkmann et al. ; Volkmann et al. 2008). In addition, the use of 
genetically encoded sensors and probes that allows detection and manipulation of neuronal 
activity using optical methods  have open up new means to study the physiology and function 
of the cerebellum (Simmich et al. 2012; Matsui et al. 2014). Taken together, these features 
have allowed zebrafish to emerge as a complete model for studies of molecular, cellular and 
physiological mechanisms involved in cerebellar development and function at both cell and 
circuit level.  
 
2.1 The cerebellar anatomy and architecture  
 
The general organization and cellular architecture of the cerebellum is highly conserved in 
vertebrates. The cerebellum of all jawed vertebrates consists of a major lobe, the corpus 
cerebelli (cerebellar corpus) and two bilateral lobes, the auricle (flocculus in tetrapods, also 
known as the vestibulocerebellum, (Altman and Bayer 1997), Figure 1). The auricle is a 
specialized part of the corpus cerebelli that primarily receives input from the vestibular 
system. The architecture of the zebrafish and teleost fish cerebellum is highly similar to other 
vertebrates but there are some notable differences. The most striking differences are the lack 
of deep cerebellar nuclei and a well defined white matter. Furthermore, teleost fish have 
additional precerebellar and cerebelloid structures (see below). 
 
The cerebellum of teleost fish can be divided in three major parts, the valvula cerebelli, the 
corpus cerebelli (cerebellar corpus) and the vestibulolateral lobe (Figure 2, (Finger 1983; 
Meek 1998; Wullimann 1997)). The eminentia granularis and the caudal lobe together form 
the vestibulolateral lobe that has been suggested to be homologous to the auricle of other 
vertebrates (Wullimann 1997). The cerebellar corpus in zebrafish consists of a single folia and 
it has an anterior extension, the valvula cerebelli. The valvula cerebelli is extending into the 
tectal ventricle below the optic tectum. The cerebellar corpus is laterally flanked by the 
eminentia granularis and posteriorly by the caudal lobe.  
 
In addition, teleost fish and zebrafish have extra structures associated to the cerebellum, such 
as the, cerebelloid structures (cerebellar-like) and the additional pre-cerebellar nuclei. These 
structures are not found in other vertebrates. The pre-cerebellar nuclei send the majority of 
their projections to the cerebellum and are therefore a part of the cerebellar circuitry in 
teleosts. Zebrafish has two precerebellar nuclei, the nucleus valvula lateralis and the nucleus 
paracommissuralis (Figure 1). The nucleus valvula lateralis is found in the tegmentum 
beneath the cerebellar corpus and its main efferents target is granule cells in the corpus 
cerebelli and valvulae cerebelli. The nucleus paracommissuralis is found in the midbrain, 
dorsal to the posterior commissure. The nucleus paracommissuralis receives input from 
telecephalon and sends major output to the cerebellum and torus longintudinalis (Volkmann et 
al. ; Butler A. 2005).  
 
Cerebelloid structures are brain structures that are architecturally thought to be very similar to 
the cerebellum, although they are spatially well separated from the cerebellum. Cerebelloid 
structures are found in all vertebrate lineages except reptiles and birds (Bell 2002). Like the 
cerebellum, the cerebelloid structures process sensory signals, receive input from the 
periphery to the deep layers and parallel fiber input to the molecular layer. More in depth 
discussion on evolution of cerebellum-like structures and their function in vertebrates is found 
in excellent reviews on the topic (Bell 2002; Bell et al. 2008; Devor 2000). In zebrafish two 
cerebelloid structures and systems are found. In the hindbrain the medial octavolateral 
nucleus, eminentia granularis and the cerebellar crest (crista cerebellaris) form one cerebelloid 
structure. Purkinje-like cells in the medial octavolateral nucleus extend their apical dendrites 
to the molecular layer of the cerebellar crest. The cerebellar crest is a molecular fiber layer 
that is continuous with the most caudal part of the corpus cerebelli. The molecular layer of the 
cerebellar crest consists of parallel fibers that are originating from granule cells in the 
eminentia granularis. The exact function of the medial octavolateral nucleus-eminentia 
granularis-cerebellar crest system is unknown but it is likely involved in processing input 
from mechanical lateral line sensory system and acoustic centers (Bell 2002). The torus 
longintudinalis together with the optic tectum forms a second cerebelloid structure in 
zebrafish. The fiber rich superficial marginal layer in the optic tectum serves as a molecular 
layer (optic tectum marginal layer) and the marginal layer receives parallel fiber input from 
the torus longintudinalis. Principal neurons of the circuit known as  type I neurons, may serve 
Purkinje-like cell functions and are found in the deeper layers of the optic tectum (Bell 2002; 
Meek 1983). The torus longintudinalis-optic tectum circuit may be involved in regulation and 
prediction of visuomotor response, since granule cells in the torus longintudinalis respond to 
visual stimuli as well as to stimuli that evokes eye movements (Gibbs and Northmore 1996; 
Northmore 1983). Furthermore, the torus longintudinalis may be involved in the regulation of 
the dorsal light response (Butler A. 2005). 
 
2.2 Cerebellar cell layers, cell types and circuitry  
 
The general vertebrate cerebellum consists of a three-layered cortex with an underlying white 
matter (Altman and Bayer 1997). This three layered arrangement is well recognizable in the 
valvula and corpus cerebelli in zebrafish (Figure 2). The most superficial layer, the molecular 
layer is rich in dendrites and unmyelinated axons but inhabits very few cells. A thin 
intermediate layer consisting of a single row of Purkinje neurons borders the thick internal 
granule cell layer that mainly consists of densely packed granule cells. However, in zebrafish 
the eminentia granularis and the caudal lobe consists of a single granule cell layer. An 
anatomically well recognizable layer of white matter consisting of incoming and outgoing 
fibers to the cerebellum is detected below the cerebellar corpus in tetrapods. However, 
zebrafish and other non-tetrapods anatomically lack a well-defined white matter beneath the 
cerebellum but have equivalent circuitry (see below).  
 
The cerebellum contains relatively few cell types with distinct morphological, molecular and 
physiological characteristics (Figure 3). The cerebellar neurons can be divided into two major 
categories based on their function as inhibitory or excitatory. Inhibitory neurons use the 
gamma-butyric acid (GABA) or glycin as their main neurotransmitter, while excitatory 
neurons use glutamate as their main neurotransmitter. In zebrafish and teleost fish three 
distinct subtypes of inhibitory neurons have been found in the cerebellar cortex: stellate, 
Golgi and Purkinje cells. The stellate cells are scattered in the molecular cell layer of teleost 
fish, while Golgi cells primarily are found in the granule cell layer (Figure 3, (Butler A. 2005; 
Delgado and Schmachtenberg 2008; Kaslin et al. 2009; Meek et al. 2008). Stellate cells 
extend axons parallel to the parallel fibers and their axons end on the dendrites of Purkinje 
cells, while Golgi cell axons terminate on granule cell dendrites. Stellate and Golgi cells both 
receive input from parallel fibers. In addition, mossy fibers innervate the dendrites of Golgi 
cells.   
 
Purkinje cells extend prominent dendrites into the molecular layer and receive input from 
climbing fibers, granule cells and stellate cells. In most vertebrates the Purkinje cell is the sole 
cell type that projects outside the cerebellum to the deep cerebellar nuclei. The deep cerebellar 
nuclei are located in the white matter beneath the cerebellum. In zebrafish and other teleost 
fish this is different. Firstly, teleost fish have an additional efferent cell type in the cerebellar 
cortex, the eurydendroid cell (Butler A. 2005; Nieuwenhuys et al. 1974). In zebrafish and 
other teleost fish the Purkinje cell directly projects to the eurydendroid cells that are located in 
close by in the same layer (Alonso et al. 1992; Bae et al. 2009; Meek 1992). Secondly, teleost 
fish lack deep cerebellar nuclei. This may be a unique feature of the teleost fish since 
lampreys and sharks have at least one deep cerebellar nucleus (Butler A. 2005). However, the 
teleost eurydendroid cells directly innervate similar targets in the thalamus, brain stem and 
spinal cord (see below for details) as the deep cerebellar nuclei of other vertebrates and may 
thus have an equivalent function (Butler A. 2005; Bae et al. 2009; Ikenaga et al. 2005; 
Murakami and Morita 1987). The deep cerebellar nuclei of tetrapods contain both GABAergic 
and glutamergic cells. However, the eurydendroid cells in teleost fish appear to be exclusively 
glutamergic further highlighting the unique characteristics of teleosts in this respect (Bae et al. 
2009; Hoshino 2006; Hoshino et al. 2005; Ikenaga et al. 2005, 2006; Machold and Fishell 
2005; Wang et al. 2005). 
 
Similar to other vertebrates abundant glutamergic granule cells are found in the granule cell 
layer in zebrafish (Bae et al. 2009; Kaslin et al. 2009). In the granule cell layer dendrites from 
granule cells together with Golgi cell axons and mossy fiber terminals form a specialized 
synaptic structure named the glomerulus. The granule cells gives rise to parallel fibers that 
ascend through the molecular layer where they synapse on the dendritic branches of Purkinje 
cells and stellate cells. The parallel fibers in teleost fish do not bifurcate in contrast to other 
vertebrates (Butler A. 2005). Excitatory unipolar brush cells have primarily been reported in 
mammals chick and mormyrid fish (Meek et al. 2008; Mugnaini et al. ; Takacs et al. 1999). 
Unipolar brush cells have not yet been identified in zebrafish. Additional inhibitory cerebellar 
cell types such as basket, Lugaro and candelabrum cells have been found in other vertebrates 
but have not been identified in teleost fish so far (Ambrosi et al. 2007). Basket cells may be a 
tetrapod specific cell type since they have not yet been identified in fish (Butler A. 2005), 
while Lugaro and candelabrum cells seem to be a mammalian specific cell types (Ambrosi et 
al. 2007; Crook et al. 2006; Laine and Axelrad 1994). 
 
2.3 Cerebellar afferents and efferents 
 
The vertebrate cerebellum receives afferent input from two principal sources, mossy and 
climbing fibers (Figure 2 B,(Altman and Bayer 1997)). In zebrafish the climbing fibers 
originate in the inferior olive in the caudal hindbrain and innervate the dendritic branches of 
Purkinje cells. In teleost fish the climbing fibers predominately terminate on the soma and the 
proximal dendrites of Purkinje neurons (Folgueira et al. 2006; Pouwels 1978; Wullimann and 
Northcutt 1988; Xue et al. 2008). Climbing fibers and their innervations of Purkinje cells 
were recently identified in zebrafish by using transgenic lines that specifically label neurons 
in the inferior olive (Figure 3 B, (Bae et al. 2009)). 
 
Similar to other vertebrates the mossy fiber-like pathway in teleost fish originates from 
multiple sources such as the spinal cord, reticular formation and tegmentum (Figure 3B). 
Retrograde tracing experiments in different teleost species have identified mossy fiber-like 
input to the corpus cerebelli and valvulae cerebelli (Figure 2 B, (Finger 1978; Folgueira et al. 
2006; Volkmann et al. ; Wullimann and Northcutt 1988, 1989). The mossy fiber-like pathway 
in teleosts originates from multiple sources such as the spinal cord, sensory medulla, reticular 
formation, lateral reticular nucleus, locus coeruleus, pretectum, nucleus isthmi, accessory 
optic system, nucleus valvulae, dorsal tegmental nucleus and nucleus paracommissuralis 
(Folgueira et al. 2006; Kani et al. ; Volkmann et al. ; Wullimann and Northcutt 1988, 1989). 
Regional differences in fiber input to the valvuvla, corpus cerebelli and caudal lobe have been 
reported (Folgueira et al. 2006; Wullimann and Northcutt 1988, 1989). Systematic retrograde 
tracing experiments have not yet been undertaken in zebrafish. However, in agreement with 
above mentioned studies in other teleosts, mossy fiber-like input from several precerebellar 
nuclei has recently been reported in larval and juvenile zebrafish (Bae et al. 2009; Kani et al. ; 
Volkmann et al.). 
 
The deep cerebellar nuclei in tetrapods innervate diverse nuclei in the thalamus, brain stem 
and spinal cord. Similarly, the cerebellar output from eurydendroid cells in teleosts directly 
innervates targets such as the ventral thalamus, pretectal nuclei, tegmental nuclei, motor and 
premotor centers such as the oculomotor nucleus, nucleus ruber, nucleus of the medial 
longintudinal fascicle, reticular formation and hypothalamic nuclei (Figure 3 B, (Finger 1978; 
Folgueira et al. 2006; Ikenaga et al. 2002; Ito and Yoshimoto 1990; Wullimann and Northcutt 
1988). Tracing experiments to elucidate the cerebellar efferents in detail have not yet been 
undertaken in zebrafish.  
 
3. Cerebellar development 
 
The initial phase of midbrain and cerebellar development in vertebrates depends on the 
formation and function of the isthmic organizer which lies at the midbrain-hindbrain 
boundary (MHB, Figure 3). The MHB organizer formation and maintenance is defined by an 
intricate cascade of genetic interactions that are marked by complex temporal and spatial 
patterns of gene expression (Alvarado-Mallart 2005; Joyner 1996; Martinez and Alvarado-
Mallart 1989; Raible and Brand 2004; Rhinn et al. 2006; Wurst and Bally-Cuif 2001). 
Initially the MHB is positioned along the anterior-posterior axis early within the neural plate 
by the opposing boundary created by mutual repression between the transcription factors otx2 
and gbx2 (Broccoli et al. 1999; Millet et al. 1999; Rhinn and Brand 2001; Simeone 2000). In 
contrast to other vertebrates, gbx1 and not gbx2 positions the MHB in zebrafish (Rhinn et al. 
2009; Rhinn et al. 2005). At the end of gastrulation, a complex genetic network with several 
region-specific transcription factors such as Pax2/5 and En1/2, and the secreted molecules 
Wnt1 and Fgf8 are expressed at the Otx/Gbx interface (Rhinn and Brand 2001). The secreted 
signals from the isthmic organizer in turn determine the development of the surrounding mid 
and hindbrain tissue. Studies in different vertebrates show that three parallel signaling 
pathways, involving Pax2/pax2.1, Wnt1 and Fgf8, are activated independently at this interface 
during early embryonic stages (Figure 2 C (Canning et al. 2007; Lun and Brand 1998; Raible 
and Brand 2004; Reifers et al. 1998)). During later somitogenesis stages the three pathways 
become mutually dependent (Rhinn and Brand 2001). The expression of the region-specific 
transcription factors is later under the control of Fgf8, 17, 18 and Wnt1, 8b 10, secreted by the 
isthmic organizer itself (Raible and Brand 2004; Foucher et al. 2006; Buckles et al. 2004; 
Lekven et al. 2003 O'Hara, 2005 #488). These factors are involved in regulating cell 
proliferation and patterning of the cerebellum as well as cell differentiation and maintenance. 
 
3.1 Positioning of the midbrain-hindbrain boundary and role of the isthmic organizer in 
establishing the cerebellar territories  
 
Initially the MHB is positioned along the anterior-posterior axis early within the neural plate 
by the opposing boundary between the transcription factors otx2 and gbx. otx2 is expressed in 
the forebrain and midbrain while Gbx is expressed in the hindbrain of vertebrates (Rhinn and 
Brand 2001; Simeone 2000). Studies in Xenopus, chick and mouse have shown that the 
mutual repression between Otx2 and Gbx2 are crucial for the correct positioning of the MHB 
within the neural tube (Broccoli et al. 1999; Katahira et al. 2000; Millet et al. 1999; Tour et al. 
2002). In contrast to other studied vertebrates, gbx1 positions the MHB in zebrafish (Rhinn et 
al. 2009). However, in accordance with studies in above mentioned studies in other 
vertebrates, the otx/gbx interface in zebrafish only positions the MHB along the anterior-
posterior axis in the neural plate since the onset of other MHB genes are unchanged after gbx1 
loss- or gain-of-function experiments (Rhinn et al. 2009; Rhinn et al. 2005). Little is known 
about the signals that control the expression otx2 and gbx1 but one such signal has been 
identified in zebrafish.  During gastrulation Wnt8 is secreted from the blastoderm margin and 
it acts as posteriorizating signal during the initial subdivision of the neuroectoderm. Wnt8 is 
required for the onset of gbx1 expression and the formation of the posterior border of otx2 
expression (Rhinn et al. 2005). 
 
At the end of gastrulation, a complex genetic network with several region-specific 
transcription factors such as Pax2/5 and En1/2, and the secreted molecules Wnt1 and Fgf8 are 
expressed at the Otx/Gbx interface (Rhinn and Brand 2001). The secreted signals from the 
isthmic organizer in turn determine the development of the surrounding mid and hindbrain 
tissue. Studies in different vertebrates show that three parallel signaling pathways, involving 
Pax2/pax2.1, Wnt1 and Fgf8, are activated independently at this interface during early 
embryonic stages (Figure 3) (Canning et al. 2007; Lun and Brand 1998; Raible and Brand 
2004; Reifers et al. 1998). During later somitogenesis stages the three pathways become 
mutually dependent (Rhinn and Brand 2001). The expression of the region-specific 
transcription factors is later under the control of Fgf8, 17, 18 and Wnt1, 8b 10, secreted by the 
isthmic organizer itself (reviewed in: (Raible and Brand 2004; Rhinn and Brand 2001)).   
 
Fgf8 is the primary organizer molecule secreted by the isthmic organizer (Liu and Joyner 
2001; Rhinn and Brand 2001; Wurst and Bally-Cuif 2001). fgf8 is required for self-
maintenance of the MHB domain in zebrafish (Lun and Brand 1998; Reifers et al. 1998). fgf8 
also controls the isthmic constriction (Brand et al. 1996). Furthermore, fgf8 polarizes the 
midbrain and strongly influences the patterning of the cerebellar primordium (Picker et al. 
1999; Reifers et al. 1998). In the fgf8 mutant acerebellar (ace) the isthmic constriction 
contain the MHB fails to form and the mutants completely lack a cerebellum (Reifers et al. 
1998). In the ace mutant the isthmic and cerebellar primordia acquire a more rostral 
mesencephalic identity (Jaszai et al. 2003; Reifers et al. 1998). Interestingly, the shift in 
identity of the cerebellar primordium does not take place if Otx function is abrogated in ace 
mutants (Foucher et al. 2006). Furthermore, the ability to generate different cerebellar cell 
types is not changed after a combined knockdown of otx and fgf8 function in zebrafish 
embryos (Foucher et al. 2006).This suggests that fgf8 is not instructive for the cerebellar 
territory nor for the differentiation of cerebellar cell types. However, Fgf signaling is crucial 
for controlling Otx expression in r1, proliferation, fusion and folding of the cerebellar 
primordium (Foucher et al. 2006). In addition, Fgf signaling and intact MHB tissue is 
necessary for repatterning and subsequent regeneration of the developing cerebellum (Jaszai 
et al. 2003; Koster and Fraser 2006). In zebrafish, Fgf signaling is post-transcriptionally 
regulated in the MHB by an miRNA, miR-9 (Leucht et al. 2008). miR-9 is broadly expressed 
in the zebrafish neural tube except for the MHB. miR-9 over expression largely eliminates the 
MHB and this phenotype is likely caused by miR-9 binding to fgf8 and fgfr1 and subsequent 
down regulation of Fgf signaling. In addition, miR-9 also promote neurogenesis through the 
binding and down regulation of the basic helix-loop-helix transcription factors her5and her9 
(Leucht et al. 2008). Interestingly, the POU-domain transcription factor Pou5f1 (previously 
Pou2) is necessary for the expression of MHB genes in zebrafish (Belting et al. 2001; Burgess 
et al. 2002; Reim and Brand 2002). Furthermore, Pou5f1 has an additional role as an 
autonomous competence factor for cells in the hindbrain that responds to Fgf8 signaling 
(Reim and Brand 2002). In zebrafish wnt1, 3 and 10b function redundantly at the MHB and 
they are required to maintain the expression of engrailed genes, pax2.1 and fgf8 (Buckles et 
al. 2004; Lekven et al. 2003). Furthermore, the LIM homeodomain transcription factors 
lmx1b.1 and lmx1b.2 are required for wnt1, 3a, 10b, fgf8 and pax8 expression at the MHB, 
and the maintenance of lmx1b expression is dependent on pax2.1 and Fgf signaling (O'Hara et 
al. 2005).  
 
3.2 Cerebellar germinal zones and progenitor domains 
 
The cerebellar neurons and glia originate from two principal germinal zones in the hindbrain, 
the rhombic lip (RL) and the ventricular zone (VZ). The VZ consists of the inner germinal 
zone that is located directly at the fourth ventricle, while the rhombic lip comprises the dorsal 
outer germinal zone that is located at the interface of the dorsal neural tube and the roof plate 
at the rim of the fourth ventricle (Figure 3, (Altman and Bayer 1997; Wingate 2001)). The 
rhombic lip is further divided into a rostral upper (cerebellar, also known as the germinal 
trigone) and a caudal lower (hindbrain) part (Altman and Bayer 1997). The upper rhombic lip 
(URL) encompasses the dorsal part of rhombomere 1 and the lower rhombic lip (LRL) 
comprises the rhombomeres 2-8 (Lumsden and Krumlauf 1996). In amniotes granule cell 
precursors migrate from the URL to the cerebellar surface where they transiently form a 
highly proliferative second germinal zone, the external granule layer (EGL). 
 
During vertebrate development different cerebellar cell types are produced in a strict spatial 
and temporal order from increasingly committed progenitors (Figure 4) (Carletti and Rossi 
2008; Wang and Zoghbi 2001). Excitatory neurons are generated by the RL and the inhibitory 
neurons are generated from the VZ (Hoshino et al. 2005). The transcription factor Ptf1a marks 
progenitors of inhibitory neurons in the VZ, while the transcription factor Ato1 labels 
progenitors for excitatory cells in the RL and subsequent EGL (Ben-Arie et al. 1997; Hoshino 
et al. 2005; Pascual et al. 2007). Lineage tracing and fate map studies in chick and rodents 
have shown that the extra cerebellar and cerebellar long projecting neurons are produced 
firstly followed by diverse cerebellar interneurons (reviewed in (Carletti and Rossi 2008; 
Wang and Zoghbi 2001)). The deep cerebellar nuclei and other extra cerebellar nuclei 
(precerebellar nuclei) are generated prior to the genesis of the cerebellar cells in both the VZ 
and the RL (Hoshino et al. 2005). The generation of cerebellar inhibitory neurons follows an 
inside-out sequence from deep to superficial layers where the VZ generates the long 
projecting Purkinje neurons, Golgi/Lugaro cells, basket cells and stellate cells in a temporal 
succession (Carletti and Rossi 2008). In contrast to VZ, the generation of excitatory neurons 
from RL follows an outside-in sequence where unipolar brush cells are generated first 
followed by the generation of granule cells (Englund et al. 2006; Fink et al. 2006; Machold 
and Fishell 2005; Wang et al. 2005). 
 
In zebrafish the cerebellar primordium becomes morphologically distinguishable during mid-
segmentation stages (16 hpf, Figure 4, (Langenberg et al. 2006)). Shortly after the formation 
of the cerebellar primordium the expression of the neural progenitor markers atoh1 and ptf1a 
is detected in RL. During this time the restriction and folding of the neural tube at the MHB is 
initiated (Langenberg et al. 2006). The upper and lower rhombic lip parts are well 
recognizable one day after fertilization (Figure 3) and atoh1a-b expression is detected in the 
whole RL (Adolf et al. 2004; Kani et al. ; Kim et al. 1997; Koster and Fraser 2001), while 
ptf1a expression is confined to the LRL (Elsen et al. 2008; Kani et al. ; Volkmann et al. 2008; 
Zecchin et al. 2004). Furthermore, this is also when the first cells start migrating out from the 
RL (see below, (Koster and Fraser 2001)). Ptf1a expression is first detected shortly after 36 
hpf in the cerebellar plate where its expressed ventricularly in close proximity to the fourth 
ventricle. The Ptf1a expression is abutting a dorsal domain of atoh1 expression (Kani et al. ; 
Volkmann et al. 2008). Thus, at two days after fertilization, two distinct adjacent progenitor 
domains that anatomically and molecularly correspond to the URL and VZ domains of other 
vertebrates can be detected in the zebrafish cerebellar primordium (Figure 3). Intriguingly, the 
VZ and URL are partly maintained in juvenile and adult zebrafish (see adult neurogenesis 
chapter). 
 
It is thought that the spatial patterning of progenitor domains in the embryonic RL 
corresponds to the functional domains in the mature cerebellum. In rodents the RL is 
patterned along its mediolateral axis. Granule cells that are generated rostrally generally end 
up medially while granule cells generated caudally end up in a lateral position ((Sgaier et al. 
2007; Sgaier et al. 2005), Figure 5). Similarly, progenitors from different zones of the URL in 
zebrafish migrate along distinct paths to the corpus cerebelli, eminentia granularis and the 
caudal lobe CCe, EG LCa (Rieger et al. 2009; Volkmann et al. 2008). Granule cell 
progenitors in the medial part of the RL produce granule neurons in the corpus cerebelli while 
progenitors in the lateral part generate granule cells in the eminentia granularis. A stationary 
population of granule progenitors in the caudal part of the RL produces the granule cells in 
the caudal lobe (Volkmann et al. 2008). Interestingly, the spatial patterning of progenitors in 
the RL can be connected to distinct gene expression patterns. During granule cell 
development atoh1a expression is confined to the very anterior part of the RL while atoh1c is 
restricted to the medial and caudal parts of the RL suggesting that the atoh1 genes could be 
involved in the spatial patterning of the progenitor domains in the RL (Chaplin et al. ; Kani et 
al.). Furthermore, the expression of markers such as: eomesa (tbr2), calbindin2, barhl1.1, 
barhl1.2 is different in granule cells in the caudal lobe compared to granule cells in the corpus 
cerebelli or eminentia granularis (Bae et al. 2009). Taken together, this suggests that distinct 
gene expression programmes control the generation of different granule cell progenitor 
domains and specific migratory patterns in the RL. It is unclear whether similar distinct 
progenitor domains also exist within the VZ in zebrafish. However, in rodents it is known that 
specific cell types are generated from different domains along the VZ (Altman and Bayer 
1997).  
 
3.3 Cerebellar neurogenesis 
 
The generation of cerebellar neurons starts around two days after fertilization in zebrafish. 
Initiation of layer formation starts at three days after fertilization when the first differentiated 
Purkinje cells are detected (Bae et al. 2009; Katsuyama et al. 2007; Volkmann et al. 2008). 
Granule cell production starts at two days after fertilization when granule cell precursors leave 
the URL and migrate in chain-like structures on top of the cerebellar primordium. (Adolf et al. 
2004; Bae et al. 2009; Chaplin et al. ; Koster and Fraser 2001; Toyama et al. 2004; Volkmann 
et al. 2008). All the three cortical layers can be distinguished five days after fertilization.  
 
The initial wave of delamination, migration and differentiation of cells from the cerebellar 
primordium (URL) starts at one day after fertilization (Koster and Fraser 2001). It was 
previously thought that URL derivates ultimately remain within the cerebellum, while LRL 
derivatives give rise to the precerbellar nuclei in the brain stem. However, an early rostro-
ventral cell migration from the URL to brain stem nuclei outside the cerebellum was detected 
by in vivo imaging in zebrafish (Koster and Fraser 2001). Further examination of the rostro-
ventral cell migration by different cell tracing approaches showed that the early migrating 
cells from the URL end up in tegmental nuclei located below the cerebellum (Kani et al. ; 
Volkmann et al.). Similarly, cell migration to the valvula cerbelli and the tegmental nuclei 
outside the cerebellum was detected during the first two days by following atoh1a:gfp protein 
perdurance or photo converted Kaede in cells originating from rostromedial tip of the URL 
(Kani et al.). In a complementary fate mapping approach using the wnt1:gal4-VP16-14 x 
UAS:GFP transgenic fish line that specifically labels atoh1a expressing cells in the 
rostromedial part of the URL showed that early migratory cells from the URL contribute to 
cholinergic and glutamergic neurons of the secondary gustatory/viscerosensory nucleus, 
nucleus isthmi and superior reticular nucleus (Volkmann et al.). Interestingly, the cells in the 
precerebellar nucleus lateralis valvulae are not derived from wnt1:gal4-VP16-14 x UAS:GFP 
positive cells in the URL (Volkmann et al.). A similar rostro-ventral migratory pathway from 
the early URL to several different nuclei in tegmentum has been observed in chick and 
rodents (Wingate and Hatten 1999, Machold and Fishell 2005, Wang et al 2005). 
Furthermore, in mouse the first group of cells derived from ato1 expressing cells in the URL 
migrates rostro-ventrally and exits the cerebellum to form several different nuclei in the 
tegmentum (Machold and Fishell 2005; Wang et al. 2005; Wingate and Hatten 1999). In 
summary, the early generation of cells from the URL and their migratory pattern seem to be 
highly conserved in vertebrates. 
 
Generation of cerebellar neurons starts around two days after fertilization in zebrafish. 
Initiation of layer formation starts at three days after fertilization when the first differentiated 
Purkinje cells are detected by the expression of markers such as Parvalbumin7 , aldocl, rora2, 
coe2 and gad1-2 (Bae et al. 2009; Elsen et al. 2009; Katsuyama et al. 2007; Volkmann et al. 
2008). It was recently shown that hepatocyte growth factor signaling through its tyrosine 
kinase receptor Met is necessary for cerebellar proliferation, VZ progenitors and subsequent 
Purkinje cell development (Elsen et al. 2008). A mutagenesis screen has been performed to 
identify mutations that affect the neuronal development in zebrafish (Bae et al. 2009). Five 
day old larval fish stained with antibodies against Parvalbumin and Vglut1 that label Purkinje 
neurons and granule cell processes respectively, were screened for defects. Eight novel 
mutants with cerebellar specific phenotypes, such as the loss of Purkinje neurons and granule 
cells and the loss of only granule cells were found with this approach (Bae et al. 2009). Many 
of these mutants are still unidentified. Little is known about the development and 
specification of other inhibitory neuron types. The transcription factor olig2 labels 
progenitors, mature oligodendrocytes and eurydendroid cells in zebrafish (Bae et al. 2009; 
McFarland et al. 2008). During the development, the eurydendroid cells are derived from 
olig2:gfp expressing progenitors located in the caudal VZ and lateral regions of the URL. 
Interestingly, the olig2:gfp expressing eurydendroid cells appear to be derived from both ptf1a 
and atoh1 expressing progenitors, although, they are later excitatory in nature (Kani et al.). 
Furthermore, antagonistic interplay between Hedgehog and Wnt signaling regulates the 
number and distribution of olig2:gfp expressing cells in the developing cerebellum. The 
absence of Hh signaling during early development increases the size of the olig2:gfp 
expressing cell population, while Wnt signaling is necessary for the development of the 
olig2:gfp cells (McFarland et al. 2008). It has been proposed that Hedgehog signaling may 
limit the range of Wnt signaling in the RL, which is necessary for the development of Olig2 
expressing neurons (McFarland et al. 2008).  
 
Granule cell production starts at two days after fertilization when granule cell precursors leave 
the URL. They rapidly migrate over long distance and start to differentiate (Koster and Fraser 
2006; Volkmann et al. 2008). The differentiating granule cells express atoh1a-c, zic1, 2, 3, 
reelin, pax6a, tag1 and neuroD1 (Adolf et al. 2004; Bae et al. 2009; Chaplin et al. ; Costagli 
et al. 2002; Elsen et al. 2008; Foucher et al. 2006; Jaszai et al. 2003; Koster and Fraser 2001; 
Toyama et al. 2004; Volkmann et al. 2008). The granule cells migrate in chain-like structures 
from the URL. Cadherin-2 is necessary to mediate chain formation and coordinate migratory 
behaviors of granule cells (Rieger et al. 2009). Granule cells expressing mature markers such 
as gabra6b and vglut1-2 are detected beneath the Purkinje cells five days after fertilization 
(Bae et al. 2009; Volkmann et al. 2008).  
 
The general mode of the granule cell layer development show in zebrafish and teleost show 
intriguing evolutionary differences (figure 4). During development on amniotes granule cell 
precursors migrate from the URL to the cerebellar surface where they transiently form a 
highly proliferative second germinal zone, the external granule layer. Sonic hedgehog 
secreted from Purkinje neurons act as the major mitogenic signal for granule precursors in the 
external granule layer (Dahmane and Ruiz i Altaba 1999; Wechsler-Reya and Scott 1999). In 
contrast to amniotes, sonic hedgehog signaling and a prominent external granule cell layer is 
lacking in the developing and adult zebrafish cerebellum (Chaplin et al. ; Kaslin et al. 2009). 
Interestingly, the advent of a secondary zone of transient amplification (e.g. the external 
granule cell layer) seems to be an amniote specific developmental adaptation because shark, 
teleost fish and frogs lack an obvious external granule cell layer (Gona 1976; Chaplin et al. ; 
Butts et al. 2014a; Butts et al. 2014b). However, dividing intermediate granule precursors can 
be continuously detected in the zebrafish cerebellum although the amplification rate is very 
low (Kaslin et al. 2009). This suggests that the production of granule cells in zebrafish is more 
likely to be controlled on the level of the primary progenitors (Kaslin et al. 2009; Kaslin et al. 
2013). Not much is known about signals that control the proliferation and differentiation of 
the cerebellar progenitors. However, Fgf signaling is required for the maintenance and 
proliferation of the adult cerebellar progenitors (Kaslin et al. 2009). In addition, sex 
differences in proliferation have been detected in the adult cerebellum (Ampatzis and Dermon 
2007). 
 
4. Adult neurogenesis and regenerative potential of the zebrafish cerebellum 
 
In the zebrafish cerebellum the stem cell niche and its composition plays a critical role in 
regulating homeostatic growth and neural regeneration after injury (Kaslin et al. 2009; Kaslin 
et al. 2013; Kaslin et al. 2017; Lindsey et al. 2018b; Lindsey et al. 2018a). The zebrafish 
cerebellum proportionally grows more than other brain structures during juvenile stages. In 
particular, the main body of the cerebellum that contains granule cells expands significantly 
throughout life. However, the growth is selective and mainly granule cells are added while 
other core components of the cerebellar circuitry such as the Purkinje cells cease to be 
produced during the late phase of juvenile development Importantly, the growth is controlled 
at the level of neural stem and progenitor cells(Kaslin et al. 2009; Kaslin et al. 2013).  
 
The cerebellar stem and progenitor cells arise early during embryonic development from a 
common domain of progenitors in the rhombic lip and form two distinct populations in the 
URL and VZ respectively inhabited by neuroepithelial-like and radial glia-like stem and 
progenitor cells (NE-SPC and VZ-SPC, Figure 4-5). In vivo imaging of the cerebellar stem 
cell niche from embryonic to adult stages showed that the niche is generated in a two-step 
process that initially involves morphogenetic movements and later tissue growth. Due to these 
processes rhombic lip progenitors and a small portion of the IVth ventricle, the cerebellar 
recessus, are displaced deep into the cerebellar tissue (Kaslin et al. 2009; Kaslin et al. 2013). 
In contrast, the cerebellar midline and the ventricle are lost as the two cerebellar hemispheres 
fuse in chick and rodents (Altman and Bayer 1997; Louvi et al. 2003; Sgaier et al. 2005). 
URL progenitors are maintained dorsal to the cerebellar recessus in the adult zebrafish while 
VZ-SPC are found ventral to the recessus (Figure 4). Remarkably, only the NE-SPC pool in 
URL persists in the adult and the ventricular VZ-SPC gradually become quiescent, or 
alternatively exhausted, during juvenile stages (Kaslin et al. 2009; Kaslin et al. 2013). Genetic 
lineage tracing showed that the loss of active VZ-SPC temporally overlap with the ceased 
production of neuronal subtypes such as the Purkinje cells. Furthermore, the quiescence of the 
ventricular VZ-SPC correlates with a transformation from radial morphology to flat epithelia 
similar to the transformation of radial glia to astrocytes observed in mammals (Kaslin et al. 
2009; Kaslin et al. 2013; Kaslin et al. 2017). 
 
NE-SPC and VZ-SPC are significantly activated after unilateral ablation of tissue in one of 
the cerebellar hemispheres (Figure 5 B) (Kaslin et al. 2017). Activation of the NE-SPC results 
in widespread replenishment of granule cells and re-growth of lost cerebellar tissue. 
Activation of the VZ-SPC results in very modest recovery of selected inhibitory inter-neurons 
and Bergmann glia. Early produced neuronal cell lineages such as the Purkinje and 
Eurydendroid cells don’t regenerate well or at all. Intriguingly, the juvenile zebrafish 
cerebellum that harbours active VZ-SPC and NE-SPC can regenerate all major cell types 
including the Purkinje cells (Figure 5 C) (Kaslin et al. 2017).Taken together, only the cell 
types that are produced during homeostatic growth regenerate after injury in the cerebellum 
demonstrating the irreplaceable role of particular neural stem and progenitor cells such as the 
NE-SPC in growth and repair (Lindsey et al. 2018b). At present, evidence suggests that VZ-
SPC cells play a minor role in adult cerebellar neurogenesis and in recovery after injury. 
Furthermore, the data suggests that VZ-SPC stem and progenitor cells over time may lose 
their potential in producing diverse cell lineages.  
 
5. Conclusions and future directions 
 
The recent advancements in development of genetic tools in zebrafish allows genetic labeling 
and manipulation of all major cerebellar cell types and circuits. This will enable new forward 
genetic screening approaches as well as the possibility to study specific neural circuits and 
their role in specific behaviors. Although the development and organization of the zebrafish 
cerebellum is now relatively well understood, some fundamental knowledge is still missing. 
Detailed maps of cerebellar afferent and efferent connections are crucial for new emerging 
interdisciplinary fields such as behavioral studies in combination with in vivo manipulation of 
neural circuits will be required. The cerebellar circuitry in zebrafish is well suited for 
manipulation by optogenetic tools since changes in circuit physiology and function can 
readily be visualized by in vivo imaging methods. Furthermore, it is possible to combine this 
approach with different behavioral paradigms. The temporal and spatial origin of specific 
cerebellar cell types during zebrafish development needs to be further characterized by 
genetic lineage tracing. It is, for example, not known when and where different subtypes of 
inhibitory neurons and glia originate during development. Furthermore, the persistence of 
diverse neural stem and progenitor cells in the cerebellum opens up new avenues to study the 
underlying mechanisms involved in stem cell maintenance and regulation. How these 
different stem and progenitors cells participate in neural repair is also important. Although 
cerebellar development and organization differs to some extent from the mammalian many of 
the events and molecular mechanism are highly conserved. Therefore zebrafish can be used as 
a model to study genes that are involved in human diseases by using the powerful tools and 
features specifically available for zebrafish. Morpholino based loss-of-function experiments 
in zebrafish provide a rapid and cost efficient way to test gene function and advancements in 
genome editing approaches such as CRISPR-Cas makes it simple to produce zebrafish with 
mutations corresponding to human disease mutations. Thus, zebrafish can beneficially be used 
to study basic mechanisms of cerebellar development, function, disease and repair.  
 
Figure legends 
Figure 1. A. The vertebrate cerebellum consists of a major lobe, the corpus cerebelli 
(cerebellar corpus) and two bilateral lobes, the auricle (flocculus in tetrapods). In addition, 
mammals display a large lateral expansion of the corpus cerebelli, the neocerebellum. B. 
Schematic drawing of the zebrafish brain seen from the side and top. Light green illustrates 
the cerebellar corpus and the darker green the auricle. C. Schematic parasagittal overview of 
the zebrafish brain showing the major cerebellar parts and associated cerebellar structures. D-
F. Schematic anatomical overviews of the zebrafish cerebellum (adapted from Kaslin et al., 
2009). D. Coronal view. E. Parasagittal view. F. Horisontal view. ACN=accessory cerebellar 
nuclei, CCe=cerebellar corpus, CR=cerebellar recessus, CP=choroid plexus, CPN=central 
pretectal nucleus, EG=eminentia granularis, GL=granular cell layer, LCa=caudal lobe of 
cerebellum, ML=molecular layer, NLV=nucleus lateralis valvulae, NSPC=neural stem and 
progenitor cells, PCN=paracommissural nucleus, TL=torus longintudinalis, Va= valvula 
cerebelli Vam=valvula cerebelli, molecular layer, Val= valvula cerebelli, granular cell layer 
 
Figure 2. A. The zebrafish cerebellum has a simple laminar three layered architecture 
consisting of a molecular layer (ML), purkinje cell layer (PL) and a granule cell layer (GL).  
The granule layer is consisting of small densely packed excitatory granule cells and inhibitory 
Golgi neurons (G). The Purkinje cell layer is inhabited with Purkinje neurons (PN), a 
specialized macroglia type, Bergmann glia (BG) and excitatory eurydendroid cells (E). The 
ML is mainly consisting of nerve fibers and scattered inhibitory stellate cells (S). Mossy and 
climbing fibers excite Purkinje and granule cells. Granule cell axons provide excitatory input 
to Purkinje cells and their dendrites as well as the Golgi and stellate cells.  Purkinje cells 
inhibit eurydendroid cells. Eurydendroid cell axons project to various targets outside the 
cerebellum. Stellate cells provide inhibitory input to the dendrites of Purkinje cells and Golgi 
cells inhibit granule cells. Dendrites from granule cells together with Golgi cell axons and 
mossy fiber terminals form a specialized synaptic structure known as the glomerulus. B. 
Cerebellar afferents and efferents in teleost fish based on data compiled from Finger 1978, 
Wullimann et al., 1988, 1989, Ito and Yoshimoto 1990, Ikenaga 2002, Folguiera et al., 2006, 
Bae et al., 2009. CM=mammillary body, CPN=central pretectal nucleus, DAO=dorsal 
accessory optic nucleus, Hd=dorsal zone of periventricular hypothalamus, DTN=dorsal 
tegmental nucleus, IL=inferior lobe of the hypothalamus, IO=inferior olive, LC=locus 
coeruleus, LX=vagal lobe, NI=isthmic nucleus, NLV=nucleus lateralis valvulae, 
NMLF=nucleus of the medial longitudinal fascicle, OR=octavolateral region, 
PCN=paracommissural nucleus, PPd=dorsal periventricular pretectal nucleus, PPp=posterior 
parvocellular preoptic nucleus, RF=reticular formation, PL=perilemniscal nucleus, TL=torus 
longintudinalis, TS=semicircular torus, TeO=optic tectum, TPp=periventricular nucleus of the 
posterior tuberculum,  VL=ventrolateral thalamic nucleus, VM=ventromedial thalamic 
nucleus 
 
Figure 3. Positioning of the midbrain–hindbrain boundary organizer in the neural plate of 
zebrafish. The interface between cells expressing otx and gbx transcription factors marks the 
location in the neural plate where the midbrain–hindbrain boundary organizer forms. During 
gastrulation, Wnt8 is secreted by the blastoderm margin (red arrows). It is required for the 
initial subdivision of the neuroectoderm, including onset of the posterior gbx1 (yellow) 
expression and establishment of the posterior border of otx2 (blue) expression. Towards the 
end of gastrulation, the otx2 and gbx1 expression domains are sharp and complementary. Grey 
area= developing axial mesoderm. Light grey=yolk. Black arrows incdicate the mutually 
repressive interactions. B-C. Morphogenetic events of the cerebellar primordium. At 24 hpf 
the midbrain-hindbrain boundary, midbrain structures and the cerebellar primordium are 
clearly distinguishable in the zebrafish embryo. C. At the end of gastrulation, a complex 
genetic network with several region-specific transcription factors and the secreted molecules 
Wnt1 and Fgf8 are expressed at the otx/gbx interface. The secreted signals from the isthmic 
organizer in turn determine the development of the surrounding mid and hindbrain tissue. D. 
Summary of the early morphogenetic events and the establishment of the cerebellar progenitor 
domains. A morphogenetic rotation of the cerebellar primordium takes place between 24-48 hpf 
(blue arrow). From 36 hpf onwards the dorsomedial part of the IVth ventricle is shifted anteriorly 
creating a dorsomedial extension of the IVth ventricle (red arrow). Ventricularly located 
progenitors (orange line) are found in the LRL of the hindbrain and in the VZ of the cerebellum. 
Cerebellar progenitors adjacent to the roof plate are induced to turn in to granule cell progenitors 
(URL, green line). (e). Schematic summary of tissue growth and displacement of the 
progenitor niche. Displacement of the URL progenitor niche through tissue growth begins 
around 7 dpf. During juvenile stages there is a massive expansion of the granule cell layer that 
displaces the ventricle. URL progenitors (green) are maintained dorsal to the cerebellar 
recesus in adult zebrafish while VZ derived progenitors and glia (orange) are found ventral to 
the recessus around the IVth ventricle. (f) Schematic summary of the zebrafish cerebellar 
progenitor niche. Neural progenitors derived from the URL are maintained in the dorsomedial part 
of the cerebellum around a remnant of the IVth ventricle (the cerebellar recessuss). These 
progenitors give rise to granule neurons in a distinct outside-in fashion. 1. Polarized 
neuroepithelial-like stem and progenitor cells (green) are restricted to the midline of the dorsal 
cerebellum. The progenitors give rise to rapidly migrating granule precursors (dark green) that 
initially migrate dorsolaterally. During this initial phase the granule precursors still may 
proliferate. The granule precursors migrate in ventrolateral direction towards the GL and 
differentiate in to granule neurons. 2. A few glia with a radial morphology (light blue) are found 
close to the midline and they are used as scaffolds during the initial dorsal migration of granule 
precursors. 3. Bergmann glia-like cells are interspersed in the PL (dark blue). A low amount of 
Bergmann glia-like cells and inhibitory neurons (yellow) are generated from VZ progenitors. VZ 
progenitors are also found ventrally around the IVth ventricle (see E). CB=cerebellar primordium, 
HB=hindbrain, GL=granule cell layer, IVth V= IVth ventricle, LRL=lower rhombic lip, 
MHB=midbrain–hindbrain boundary, ML=molecular layer, PL=Purkinje cell layer, URL=upper 
rhombic lip, VZ=ventricular zone 
 
Figure 4. Comparison of the life-long maintained neurogenic program in the zebrafish 
cerebellum and the cerebellar developmental program in mammals. 1. Ventricularly located 
VZ progenitors (orange) generate precursors (red) for inhibitory neurons and glia (yellow and 
blue). 2. In mammals progenitors (green) in the URL feed the EGL with granule cell 
precursors. In zebrafish no distinct EGL is discernable. 3. In mammals greatly amplifying 
granule cell precursors are found in the EGL. The granule cell precursors are initially 
tangentially migrating. In contrast a low level of amplification takes place in the zebrafish 
brain 4-5. Granule cell precursors become post-mitotic, differentiate and migrate ventrally 
into the GL. 6. In the mammalian cerebellum, the URL and EGL are exhausted of their 
progenitors whereas in zebrafish primary URL progenitors and some VZ progenitors are 
maintained in a specialized niche. IVth V=IVth ventricle, CP=choroid plexus, CR=cerebellar 
recessus, EGL=external granule layer, GL=granule cell layer, ML=molecular layer, 
URL=upper rhombic lip, VZ=ventricular zone 
 
Figure 5. The diversity of stem cells is lost in the cerebellum during the transition from 
juvenile to adult and has an impact for homeostatic and regenerative neurogenesis. A. Cross 
section of the juvenile, young and mature zebrafish cerebellum showing change in stem and 
progenitor populations over time. The juvenile zebrafish maintains radial glia-like VZ stem 
and progenitor cells (VZ-SPC, labelled with red). The VZ-SPC are exhausted over time.  
Neuroepithelial-like stem and progenitor cells (NE-SPC, labelled in green) are maintained and 
active in the URL throughput life in zebrafish. Proliferating cell nuclear antigen (PCNA) 
labels all cycling cells in the cerebellum (Blue). B-C. The juvenile zebrafish maintains VZ-
SPC and NE-SPC and is able to produce all major cell types during homeostasis and after 
injury (note well defined ML in injured right hemisphere). By contrast, the adult cerebellum 
does not produce all cell lineages and is not able to produce all cell types after injury, for 
example, Purkinje cells (Note absent ML and PL in injured right hemisphere). In the adult 
cerebellum, the VZ-SPCs become quiescent, whereas NE-SPCs are maintained continuously 
and contribute to granule cell neurogenesis. Significant regenerative cell production in GL 
seen in lesioned hemisphere. Incorporation of bromodeoxiuridine (BrdU, green) after injury 
labels produced cells, gamma butyric acid (GABA) labels inhibitory cells (blue) and ZebrinII 
(ZII) and Parvalbumin (PV) labels Purkinje cells (red). GL=granule cell layer, ML=molecular 
layer, N= neurons; NE= neuroepithelial-like cell, PL= Purkinje cell layer, URL=upper 
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